The syndrome of malignant hyperthermia (MHS) has been visualized from the point at which sarcoplasmic Ca 2+ concentration becomes sufficient to stimulate phosphorylase kinase and, indirectly, myosin ATPase. Elevated lv 2+ e els of cellular Ca may cause a functional uncoupling of oxidative phosphorylation as the mitochondria utilize high energy intermediates to sequester Ca 2+. Consequently, ATP is consumed, and the cellular levels of ADP and inorganic phosphorus increases, further stimulating glycolysis as the MHS develops. As the mitochondria sequester Ca 2+, 02 consumption is increased and this, in addition to the stimulating effect of temperature, may explain the observed increase in O2 consumption.
INTRODUCTION
Hall et al. (1966) first reported that certain pigs developed the malignant hyperthermia syndrome (MHS) when exposed to membrane depolarizing agents. Subsequently, Harrison et al. (1968) learned that the gas anesthetic, halothane, also was effective in triggering the syndrome in sensitive pigs. A number of cases of MHS occurring in human patients also has been well documented (Britt et al., 1969; Isaacs and Barlow, 1970a, b) as well as in the dog (Short, 1973 The predominant clinical features associated with this syndrome are (1) gross muscular rigidity, (2) rapid rise in body temperature, (3) tachycardia, (4) hyperventilation, and (5) blotchy cyanosis. In addition, there is a severe metabolic acidosis and rapid rise in concentration of serum electrolytes (Harrison, 1973) . The clinical features can be manifested in a susceptible pig either by halothane anesthesia or by physiological stress (Sybesma and Eikelenboom, 1969; Allen et al., 1970a; Christian, 1972) indicating that the similarities between MHS and the porcine stress syndrome (Topel et al., 1968) are too evident to be !gnored. In addition, the similarity in character~sucs between humans in whom MHS has developed and pigs in which MHS has developed suggests that the underlying mechanism(s) predisposing humans to MHS parallels that in pigs (Harrison et al., 1969; Woolf et al., 1970; Jones et al., 1972; Nelson, 1973) .
The volatile anesthetic, halothane, has been reported to provoke MHS in the Landrace (Harrison et al., 1968; Denborough et al., 1973 ; Kench, 1973), Pietrain, (Sybesma and Eikelenboom, 1969; Eikelenboom and Sybesma, 1969; Allen et al., 1970b) , Poland China (Woolf et al., 1970; Nelson et al., 1972; Jones et al., 1972; Brucker et al., 1973; Steward and Thomas, 1973) and Yorkshire breed (Christian, 1972) .
Investigations to elucidate the etiology of the MHS syndrome have centered primarily on skeletal muscle. The inherent defects are not solely confined to skeletal muscle, however, because neuronal (see LaCour et al., 1971; Ellis et al., 1972; Zsigmond et al., 1973) 
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Biopsied muscle of MH-susceptible pigs exhibits an abnormally rapid depletion of adenosine triphosphate (ATP) and a faster rate of production of lactic acid (Harrison et al., 1969; Berman and Kench, 1971) than that found for muscle of normal pigs. These rates are further enhanced upon exposure of susceptible muscle to halothane. Perhaps the increased cellular levels of free Ca 2+ known to accompany MH enhances the conversion of phosphorylase b kinase to the more active a form so that increased amounts of lactate and heat are produced via the Embden-Meyerhof pathway.
In addition, an uncontrolled futile cycle may exist in the muscle of MH-sensitive individuals. Clark et all (1973) found a six-to eightfold increase in rate of cycling of fructose-6-phosphate in sensitive pigs after exposure to halothane. The heat generated by such a substrate cycle involving the hydrolysis of ATP can be appreciable, as in the flight muscles of the bumblebee. This cycle may have some bearing on the observations that muscle from stresssusceptible pigs have elevated glucose-6-phosphate levels (Schmidt et al., 1972) and that m~ascle levels of fructose-l, 6-diphosphate are elevated after exposure of the animals to halothane (Berman and Kench, 1973) . In addition, Kastenschmidt et al. (1968) reported greater phosphorylase activity in muscles from PSS pigs. Glycogen breakdown also may be stimulated indirectly through the activation of the beta receptors (Harris et al., 1965; Youmans, 1967; Reynolds and Haugaard, 1967; Kvan, 1970) . Halothane has beta-receptorstimulating properties (Klide et al., 1969; Price et al., 1970) . The high levels of lactate in blood of susceptible animals during development of MH suggests intensive stimulation of these receptors. Weiss et al. (1974) demonstrated the ability of the beta blocking agent, propranolol, to reduce plasma lactate in PSS pigs. Determination of the interaction of halothane and epinephrine on the development of the acidotic condition during the MHS remains to be elucidated, although there are superficial indications that pretreatment with adrenergic blocking agents will not prevent the MHS or control it once established (Harrison et al., 1969) . Certainly glycogenolysis is accelerated, but as yet, the precise mechanism by which halothane induces a state favoring breakdown of glycogen and organic phosphase esters is unresolved.
The hormones, cortisol, epinephrine, and adrenocorticotropin (ACTH), whose functions are related to muscle metabolism and stability, have been implicated in the mechanism for PSS (Marple and Cassens, 1973) and are surely important in bodily attempts to maintain homeostasis during MHS. In normal humans, halothane anesthesia stimulates adrenocortical function (Oyama et al., 1968) . The elevation of plasma ACTH levels is biphasic after halothane administration, whereas the increase in plasma free cortisol is stepwise (Oyama and Takiguchi, 1970) . However, the relationship between skeletal muscle metabolism and the utilization of these as well as other hormones in the development of MHS in the pig requires further attention. Berman's group (1970) reported that the mitochrondria 02 consumption in susceptible pigs rose 20 to 40% per degree C increase in core temperature upon exposure to halothane and concluded that the increase in 02 consumption was slightly greater than that expected from elevated temperatures alone, but that the increase accounted for only somewhat less than 10% of the heat produced in MH.
MITOCHONDRIA
Berman et al. Wang et al. (1969) calculated that the excessive heat production associated with MHS was not accountable in terms of oxidative phosphorylation. Early investigations with isolated mitochondria suggested, however, that halothane uncoupled oxidative phosphorylation (Snodgrass and Piras, 1966; Wilson et al., 1966 Wilson et al., , 1967 . The clinical relevancy of this finding has been criticized because the level of halothane used in these studies to achieve uncoupling was abnormally high (Miller and Hunter, 1971) . When clinical concentrations are considered, halothane inhibits ADP stimulated (state 3) respiration when the mitochrondria are oxidizing NADlinked substrates (Cohen and Marshall, 1968; Miller and Hunter, 1970; Harris et al., 1971; Eikelenboom, 1972; Britt et al., 1973; Rosenberg and Haugaard, 1973) . With these concentrations, the inhibition is reversible after removal of halothane (Cohen and Marshall, 1968; Harris et al., 1971; Miller and Hunter, 1970; Miller et al., 1972) .
State 3 respiration in muscle mitochondria utilizing succinate as substrate is unaffected during exposure to clinical concentrations of halothane (Miller and Hunter, 1970; Harris et al., 1971; Eikelenboom, 1972; Miller et al., 1972) . Eikelenboom and van den Bergh (1971, 1973) reported that skeletal muscle mitochondria of stress-susceptible Pietrain pigs has a significantly lower respiratory control index (RCI) than did mitochrondria of stress-resistant Dutch Landrace pigs, the consequence being a decreased capacity for oxidative phosphorylation in the Pietrain pigs. This situation obviously would be detrimental to stress adaptation, particularly when the problem is compounded by the inhibitory action of halothane on state 3 respiration. But Cheah (1973) found no differences in the respiratory function of muscle mitochondria isolated from Pietrain and Land-.race pigs when measured over a wide range of pH values. Brooks and Cassens (1973) measured the performance of muscle mitochondria of stress-susceptible and stress-resistant pigs at different temperatures and found no significant differences between the two types of pigs in either state 3 respiration rate or RCI values. also found no differences in respiratory rate or RCI between muscle mitochrondria isolated from halothane-sensitive and normal pigs.
No differences in respiratory rate, RCI, or ADP/0 ratio exists between MH and normal human muscle for mitochrondria oxidizing, either NAD-linked substrates or succinate. Exposure of isolated preparations to halothane produced no differential response between the two types of mitochondria (Britt et al., 1973) . Skeletal muscle mitochrondria from normal and the MH-prone Landrace pig responded similarly to that for humans when exposed to clinical concentrations of halothane (Denborough et al., 1973) .
Although some discrepancies exist concerning the natural ability of skeletal muscle to regulate oxidative phosphorylation, it is clear that subjection to clinical concentrations of halothane causes a markedly reduced state 3 respiration rate in isolated mitochondria oxidizing NAD-linked substrates. Extrapolating to the in vivo situation suggests that the initial increase in heat production does not arise primarily by activation of mitochrondrial ATPase by halothane. The increased 02 consumption observed by Berman et al. (1970) may have arisen secondarily to an increase in muscle temperature (Brooks and Cassens, 1973) as well as to an increase in sarcoplasmic calcium (Ca 2+) levels.
When sarcoplasmic Ca 2+ levels rise, even at levels below those necessary for muscle contraction, mitochrondria sequester Ca 2+ in the process consuming oxygen. With the consumption of high energy intermediates to effect Ca 2+ uptake, ATP production begins to lag (Lehninger, 1970) . The net effect would be a functional uncoupling of the oxidative phosphorylation mechanism (Bianchi, 1973) .
SARCOPLASMIC RETICULUM
During manifestation of the MR syndrome, 2+ 9 " " serum Ca mmally becomes elevated (Berman et al., 1970; Denborough et al., 1973; Pollock et al., 1973; Britt et al., 1973) and usuually, muscular rigidity ensures. These observations indicate the possibility of an abnormality in calcium regulation within the muscle fiber (Kalow et al., 1970; Harrison, 1971 Harrison, , 1973 Bianchi, 1973 ; Britt et al., 1973; Denborough et al., 1973; Venable, 1973) . Augustin and Hasselbach (1973) reported that halothane can induce changes in the conformational state of the protein components of the sarcoplasmic reticulum (SR). Studies on muscle biopsies from human patients who recovered from MH 2+ indicate that Ca uptake into the SR is greater in the control than in the MH patient (Kalow et al., 1970; Britt et al., 1973) . In SR isolated from normal patients, clinical concentrations of halothane accelerated Ca 2+ accumulation and higher levels inhibited uptake. Calcium uptake by the SR of MH patients was reduced at all concentration levels. Brucker et at. (1973) and Denborough et al. (1973) reported a similar distinction in SR from normal and MH prone pigs.
Further evidence favoring the Ca--SR hypothesis has resulted from the study of the effect of the drugs caffeine and procaine on the isometric contraction of isolated muscle strips (Weber and Herz, 1968; Feinstein, 1963) . The amount of caffeine necessary to generate a given amount of tension in muscle strips biopsled from normal and MH prone humans is significantly less for MH muscle (Moulds and Denborough, 1972; Britt et al., 1973; Noble et al., 1973) . Subjection to halothane further depresses the necessary amount of caffeine. Strobel and Bianchi (1971) also reported a potentiating effect due to halothane on caffeine-induced contracture in frog M. sartorius. Campion (1973) and evaluated in situ the isometric contractile properties of the M. tibialis anterior in stress-susceptible and stress-resistant pigs. The muscle of stress-susceptible pigs generated more twitch tension when electrically stimulated after the administration of halothane which apparently acted as a potentiator. Halothane had no effect on twitch tension from muscles of the stressresistant pigs. Halothane alone can trigger contracture in human MH muscle strips (Ellis et al., 1972) .
On occasion, the use of procaine has proven successful in blocking the initiation of halothane-induced MH in pigs (Harrison, 1971) . In human cases, procaine has occasionally resulted in a marked fall in body temperature (Beldavs et al., 1971; Noble et al., 1973; Brebner and Jozefowicz, 1974) . Keaney and Ellis (1971) showed that in vitro, procaine reversed halothane-induced contracture and prevented its initiation in myopathic fibers of human patients.
However, there are conflicting reports on the primacy of the Ca-SR disturbance, particularly in swine. Berman and Kench (1973) , and Steward and Thomas (1973) have independently described normal or slightly increased Ca 2+ uptake into the SR of MH prone pigs. In addition, Hall et al. (1972) and Hall and Lister (1974) found that pretreatment with procaine did not prevent onset of the syndrome and that administration of this drug when muscle rigidity was present failed to prevent a fatal outcome. Thus, the role of the reticular Ca2+-binding mechanism remains unclear. The po, ssible beneficial role of procaine, when observed may be related to the ability of local analgesics to inhibit catecholamine secretion from the adrenal medulla.
Rabbit muscle SR (Johnson and Inesi, 1969; Inesi et al., 1973) rapidly loses its ability to retam accumulated 2+ 9 Ca after mild heat (25 to 40 C) denaturation. To what extent this denaturation may occur in vivo is not known, but this phenomenon does suggest a possible secondary mechanism for the release of Ca 2+ from the SR.
During halothane anesthesia in humans, blood levels of thyroxine significantly increase but return to normal levels within 2 hr postanesthesia (Oyama et al., 1969) . Presumably, the elevation is the result of halothane stimulating release of thyroxine from the liver, which is capable of rapidly releasing this hormone (Cavalieri and Searle, 1966; Oppenheimer et al., 1967) . Ca 2+ uptake and binding by SR are reduced in thyroxine treated rats (Ash et al., 1972) . The bearing of these relationships on MH has not yet been investigated.
SARCOLEMMA
Eighty percent of the total Ca 2+ accumulating capacity of a muscle homogenate is stored in the SR, 10% in the mitochrondia, and 10% in the sarcolemma (Sulakhe et al., 1973) . Because of the difficulties in isolation, few studies have been directed at the sarcolemma. Halothane, however, can depolarize rat skeletal muscle plasmalemma by about 6 m-volts (Kendig and Bunker, 1972) , suggesting a potential site, not only of Ca 2+ release, but also of electrochemical gradient breakdown in MH muscle. Several groups of investigators have reported general abnormalities in electromyographic records from MH patients (Steers et al., 1970; Britt et al., 1973; Zsigmond et al., 1973; Isaacs and Bartow, 1973) , but this cannot be demonstrated in all cases.
Membrane abnormalities are further indicated by the finding of elevated creatine phosphokinase (CPK) levels in the blood of susceptible individuals (Zsigrnond et al., 1972 (Zsigrnond et al., , 1973 Barlow, 1970a, 1973; Woolf et al., 1970; Steers et al., 1970; Barlow and Isaacs, 1970; Ellis et al., 1972; Allen et al., 1970a; Denborough et al., 1970; Kalow, 1972; Britt et al., 1973) . Halothane anesthesia, however, will cause elevation of serum CPK in normal patients as well (Innes and Stromme, 1973) .
MYOSI N ATPASE
Elevated sarcoplasmic Ca 2+ levels present during manifestation of MHS may be sufficient to trigger actomyosin ATPase activity. Hydrolysis of ATP to adenosine diphosphate (ADP) and inorganic phosphate (Pi) not only results in liberation of chemical heat but also indirectly stimulates glycolysis as ADP and Pi begin to accumulate 9 An additional heat increment, the heat of shortening, is also realized from the entropy change that occurs during sliding of the thick and thin muscle filaments past one another.
Several investigations have attempted to determine if halothane can directly affect myosin ATPase activity. Halothane did not affect the ATPase activity of cardiac myosin extracted from anesthetized dogs in the studies of Luchi and Kritcher (1967) . But Leuwendroon-Strosberg et al. (1973) found that halothane depressed EDTA (K+)-activated white muscle myosin ATPase activity of rabbits, and the higher the concentration, the greater was the depression. The Ca2+-activated ATPase was not affected by 3% halothane, but exltosure to high concentration caused a slight increase in enzymatic activity. These effects were reversible for both Ca 2+-and K+-activated assays. This differential response, depending on the activating ion, suggests that some of the conformational changes in isolated muscle myosin due to this drug may be in the vicinity of the locus of myosin's ATPase activity. Perhaps Luchi and Kritcher observed no effect because of the loss of the anesthetic during their method of extraction and preparation of myosin. Brodkin et al. (1967) reported reduced ATPase activity of both cardiac and skeletal muscle myosin upon exposure to halothane. The response of swine myosin to halothane remains untested, but it is interesting that Quass and Briskly (1968) found higher myosin ATPase activity in post-mortem muscle exhibiting the pale, soft and exudative condition than in muscle with normal post-mortem characteristics.
Actomyosin from thyroxine-treated cats has been shown to undergo ATP-induced syneresis at a faster rate than that from control animals (Ash et al., 1972) . Investigations of the relevancy of this finding to MH has not been reported.
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